Plasmas in the pressure range 5-50 torrat power densities of 1-10 cal cm-3 sec-1 are typical of conditions intermediate between those of 'thermal' plasmas and those of 'cold' plasmas. Remarkable disequilibrium exists between electronic, vibrational, rotational and kinetic temperatures, the latter being in the range 700-2 000 K. Excited vibrational and rotational Ievels are populated weil above equilibrium and this is regarded as the cause of the high rates observed for the dissociation of molecular species. This point of view allows a rationalization to be made of the kinetic data collected for various reactions both homogeneous (production of H atoms, conversion of methane into acetylene, synthesis of hydrogen cyanide from nitrogen and methane) and heterogeneous (reduction of metal oxides in a hydrogen plasma).
• 2 •
3 and satisfactory models for 'cold' plasma reactors at pressures below a few torr have recently been developed and applied to the dissociation of diatornie molecules 4 a· b. It appeared therefore of interest to investigate chemical reactions at pressures in the range 5-50 torr with the aims of bridging the gap between the two limiting conditions of 'thermal' and 'cold' plasmas and of ascertaining whether characteristics peculiar to this intermediate state of the plasma could be utilized efficiently for chemical purposes.
The model developed by Bell 4 for dissociation of diatornie molecules in a 'cold' plasma reactor is based on the assumption that the largest contribution to the process comes from dissociation by direct electron impact 
343 with ne denoting electron concentration, me electron mass, I: electron temperature, and e electron energy. a 0 (e) is the cross section for A 2 dissociation by direct electron impact. In the derivation of equation (2) Rate constants utilized in 'thermal' plasmas are, in genera~ values for 'thermal' reactions extrapolated at plasma temperatures. The theoretical calculation of dissociation rates of diatornie molecules represents a complex problem 5 -7 and Figure 2 shows Arrhenius plots of dissociation rates of oxygen (0 2 ), both measured and calculated 6 , in a temperature interval of interest for thermal plasmas. In these plasmas it is possible, in favourable cases, to relate the observed extent of reaction to thermodynamic equilibria prevailing at plasma temperatures and Figure 3 , taken from ref. 8 , is an example of such a correlation.
lt should be appreciated that rates of dissociation in 'cold' plasma are plotted against the electron temperature I: in Figure I while these rates have the gas temperature ~ as abscissa in 'thermal' plasmas ( Figure 2 ). When the pressure is increased at a constant value of the electric field X the reduced field XjP decreases and Figure 4 , taken from ref. 9 , illustrates quite nicely how the total energy provided by the electric field to the plasma is distributed among different elementary processes in oxygen. This behaviouris essentially a consequence ofthe dependence ofthe various cross sections on electron energy and 346 correspond to electron temperatures at which rotational and vibrational excitation is favoured with respect to other processes. Figure 6 5760K -----~i --~~ figure that strong disequilibrium exists between ~' 7' .., ~ and ~' with T well above room temperature. The plasma cannot therefore be considered ~cold' but the system is a typical non-equilibrium plasma. The distributions of rotational and vibrational energies have been found to be strictly Boltzmann.
When hydrogen is added to the nitrogen stream the first negative system of N; is suppressed and Tv of the C 3 llu state is lowered by approximately 1000 K.
The question may now be asked: What would be the consequence of concentrating apart of the available energy in a particular degree of freedom, such as vibration, on the rate of an endothermic reaction? The answer for the reaction HF + H = H 2 + F (&H = + 35 kcaljmole) comes from Figure   7 , taken from the work of Polanyi 12 . In this diagram ordinates represent vibrational energies, abscissae rotational energies and diagonals points of equal translational energy. Values of the rate constants are given by contour lines and it can be appreciated that a concentration of the available energy into vibration can increase the rate constant by more than three orders of magnitude. In this connection, it should be remernbered that some years ago Burton and Funabashi 13 drew attention to the important role that excitation of internal degrees of freedom might play in the elucidation ofthe mechanisms of reactions in electrical discharges.
347
These ideas will be utilized in an attempt to rationalize the kinetic results obtained for the synthesis of HCN from N 2 and CH 4 1 \ for the conversion of methane into acetylene 15 , for the production of hydrogen atoms 16 and for the heterogeneous reduction ofmetal oxides in a hydrogen plasma 17 . The arrangement of the discharge reactor utilized for the homogeneous reactions is shown in Figure 8 . The reactor is capacitively coupled to a 35 MHz generator (maximum output 5 kW r.f.) by means of external sleeve electrodes of copper which can be positioned at different Separations L. The inner tube of either quartz or Pyrex is surrounded by a water jacket which is also used for calorimetric purposes. In most of the experiments the inner diameter of the tube was 4 crn but tubes of 7.5 cm have also been utilized. Gas sampling was perfarmed by means of thin tubes of alumina positioned at different distances l from the upper edge ofthe upper electrode and against the reactor's wall.
Sampling within the dischargewas also possible by means of a water cooled probe of special design. The reacted gases collected from the various probes were quantitatively analysed gas-chromatographically. 
THE SYNTHESIS OF HCN
The data of Figure 9 show the results of thermodynamic calculations of the percentage conversion into HCN as a function of temperature for conditions ofpressure and composition included in the experiments. The fact that kinetic rather than thermodynamic considerations should be utilized in order to interpret the experimental results emerges quite clearly from the following observations. In Figure JO which are determined by the specific power input lt';_. The fact that W., rather than WH 2 o should be considered a parameter for the reaction under discharge conditions is unambiguously shown by the data of Figure 11 . Values of ß determined from sampling at the lower end of the reactor (Probe C) and at 1/L = t(Probe2)arecollected in Figure 12 , whileFigure 13 shows theinfluence ofthe initial composition. The marks on the ordinate scale give the maximum ßs calculated from thermodynamics. In the range of pressures investigated these results therefore show that a concentration profile develops along the reactor's axis and that values of ß determined at the reactor's end can exceed thermodynamic values and approach complete conversion (ß = I).
Energy yields for this reaction are collected in Figure 14 which again shows the detrimental influence of CH 4 (compare with Figure 13 ).
An observation which is of fundamental importance for the elucidation of the mechanism is that the conversion of CH 4 into C 2 H 2 was found to occur within a very short distance along the reactor's axis at the small flowrates utilized in the experiments [Iess than 500 cm From a thermodynamic point of view the more endothermic step of the reaction is: CH 4 --+ 1 C 2 H 2 + 1.5 H 2 with ll.H = + 45 kcaljmole while the reaction ! C 2 H 2 + fN 2 --+ HCN requires 4 kcaljmole. The conversion of methane into acetylene must therefore be strongly favoured kinetically, while the subsequent reaction with N 2 is kinetically bindered and is likely to involve the dissociation ofN 2 which might then represent a comparatively slow controlling step.
From the above considerations one can draw the following conclusions: (1) It is necessary to establish a rate expression for the synthesis under discharge conditions and to interpret the behaviour of rate constants as a function ofthe various discharge parameters. This will be donein the following pages. (2) It is necessary to establish how non-equilibrium conditions in these plasmas (e.g. illustrated by Figure 6 ) modify pseudo-equilibrium or steadystate concentrations of the various species with respect to their values at thermodynamic equilibrium at the kinetic gas temperature T. This will not be done here, but reference can be made to the generalprobfern as recently trea ted by V eprek 18 . The overall rate of the reaction of nitrogen atoms with acetylene can be the reaction rate is given, in terms of the percentage conversion ß, by the kinetic equation (3) where k~2 is the first order rate constant for the production of N atoms within the discharge. Integration of equation (3) at pressure P and gas temperature T ). The rate expression for a stirred tank reactor can be written
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with L the electrode spacing. Equation (5) can be made parametric in l in order to express the dependence of ß on the axial distance l. In this case the equation loses its physical meaning but can be utilized as a suitable approximation to a more complex integrated equation in which the actual distribution of residence tim es is explicitly considered. In particular, a residence time distribution corresponding to a laminar jlow reactor can, in favourable cases, yield an integrated rate expression which can be approximated by means of equation (5) Values of ß determined as a function of l have been plotted in Figure 15 according to either equation (4) or (5) (5) is followed quite closely whlle at 5 torr the plug flow equation (4) should be used to fit the data. The slope of these straight lines is !k~ nr~/4>, from which values of k~, can be derived once the gas temperature 't is known (cp = cJ>(P, T )). Under the above conditions one is therefore metsuring the rate of dissJciation of nitrogen within the discharge which is now seen to represent the stowest step of the reaction. The situation for a 3/1 mixture is somewhat more complex, as discussed in ref. THE MODEL DISCHARGE The discharge has been assumed to be isothermal and axially and radially uniform. This isarather severe approximation, the consequences of which will be explained below. A detailed treatment of the problern is given in ref. 14b and only the main features of the model will be examined here.
In view of the rapid conversion of methane into acetylene initial conditions are those of a plasma of H 2 , N 2 and C 2 H 2 . The approximation is made that the power delivered to the plasma by the electric field is mainly utilized for the dissociation ofH 2 molecules and that the power collected by the water jacket between the electrodes is essentially made up of two contributions: the heterogeneous recombination ofhydrogen atoms at the wallsandthermal conduction from the isothermal plasma. This approximation has been found to be valid for most of the conditions examined. The following balance equations can then be written:
where the term k"t5"/(k" + b") represents the rate constant for a first order heterogeneaus recombination on the walls of the hydrogen atoms at concentration [H] in the presence of diffusion limitations. q;.. is: q;. = h(~ -Tw) x 2nrTL with h the coefficient ofheat transfer for cylindrical geometry and 1~ the wall temperature.
where < W" 0 ) is the power density (cal cm-3 sec-1 ) in the plasma, k~ the first order :ate constant for the dissociation of molecular hydrogen within the discharge, [H 2 ] is the concentration of H 2 and 52 x 10 3 is half the dissociation energy of H 2 , as in equation (6) . The steady-state concentration of hydrogen atoms within the discharge obeys the following equation: 
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From equations (6) to (9) Figure 15 .
Values of k~2 and ~ derived from the experiments as specified above can now be compared with the corresponding values calculated for either 'thermal' or 'cold' plasmas. lt has been shown 14 b that a purely thermal mechanism is unable to account for the observed rates of production of hydrogen and nitrogen atoms in the discharge, in that it would require temperatures incompatible with the known properties of these plasmas and should be completely ruled out.
The mechanism discussed by Bell for cold plasmas 4 is also unable to account for the observed rates of hydrogen dissociation. This can be appreciated from Figure 16 where rate constants k~2 ha~e been plottedas a function ofthe reduced field strength X I P and compared wtth values calculated according to Bell at 5 torr.
This mechanism is unable to account for the measured rates in that values of X /P, hence of ~. are too small in the pressure range investigated for dissociation by direct electron impact to make a significant contribution to molecular dissociation.
The above results give a clear indication that under the conditions of moderate pressure of the present discharges a mechanism of molecular dissociation characteristic of the 'intermediate' state of the plasma should be operating, different from either purely thermal or purely electron impact dissociation.
In order to derive an expression for k~2 and k~2 valid for the range of moderate pressure investigated a mechanism of molecular dissociation has been proposed 14 b and will be illustrated below. In order to simplify the problern we shall make the approximation of a quasi-continuum of vibro-rotational Ievels of equal weight between the zero energy Ievel and the dissociation Iimit of the molecule and write a Boltzmann distribution of the molecules among these Ievels characterized by a unique vibro-rotational temperature ~ dCii(~) = exp(-~/R~) d~ (10) cij R~ where ~ is the energy of the Ievel. lt will furthermore be assumed that Tl. is the same for all molecular species present in their ground electronic state.
Weshall now consider that dissociation may take place from any vibrorotationally excited Ievel. The rate of atom production from the set of excited molecules ij* with energies between ~ and ~ + d~ will be given by (11) lf we make use of the naive idea that the relative kinetic energy between the molecule and the third body must supply the energy dijference between the dissociation energy Eii and the energy of the vibro-rotationallevel ~ one can write
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The overall rate of atom production from ij is obtained by integration of (11) after substitution from (10) , (12) and for ~ sufficiently higher than ~:
. ~ r,.) exp (-E,)R~) (13) Equation (13) is essentially ofthe Arrhenius type, in which the gas temperature T has, however, been substituted by the characteristic temperature ~ which d~fines the distribution function of vibro-rotationally excited molecules ij* in their ground electronic state. To a first approximation one can take for k~i the a_ppropriate c_rude collision values (see, however, below). With the assumptwn that T~ 1s the same for all molecular species in their ground electronic state, all the ke of interest can be calculated once T~ is known. T~ can easily be calculated by inserting in equation (13) the values of k~i and Eii appropriate for H 2 and by equating this expression to the value of k~2 determined from the experiments and using the associated value of ~· k~2 can then be evaluated for all the conditions investigated and compared with values derived from the experiments.
In Figure 17 values ofT and ~ calculated at different pressures have been plottedas a function of ( WHzo> for R = l and at 19 torr for R = 3. The trend from cold plasma conditions to the equilibrium conditions of thermal plasmas is apparent from this figure which shows that when the pressure is increased from 5 to 30 torr ~ increases while ~ decreases, indicating that the two temperatures will merge when 'thermal' conditions are approached.
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PAC Figure 18 , tagether with the corresponding degree of dissocia- reported in Figure 19 for nitrogen. The latter concentrations have been calculated by applying equation (8) to N 2 dissociation after appropriate selection of the various constants.
In Figure 20 calculated values of k~JN 2 ] 0 have been plottedas a function of ( W" 20 ) together with the experimental values derived as specified above.
Ifvalues of k~JN 2 ]~xp and k~JN 2 ]~aic in Figure 20 are compared vertically, i.e. at the same value of (WH 20 ) = WH 20 /nr~L = (W),T, the disagreement can indeed be quite large depending on conditions. lt is, however, possible to fit the experimental data to the calculated ones, horizontally, by successive approximations of ~· The meaning of this fitting is that the experimental data should actually be plotted as a function of an "effective" (W), '" given by W" 2 ofnr;rrL· Values of 'err calculated from this fitting procedure have been plotted in Figure 21 as a function of (W\ for various conditions, together with the observed radii r P of the more inte;sely luminous region of the plasma, as obtained from photographic evaluation.
It can be appreciated that rerr parallels r P under all conditions and r P < r err < r T; r err -r P is somewhat dependent on pressure, being larger at 5 torr. At this pressure the boundaries of the luminous regionarenot sharply defined and the central column of the plasma degrades into a blurred region.
The meaning of this type of fitting resides in the differences between the model of a uniform plasma utilized in the calculations and the actual discharges which all show a more or less contracted column. A rigorous treatment of the contracted plasma column would be of great complexity but the empirical correction of the radius which substitutes 'err for rT suggests that the total power WH 2 o delivered by the field to the gas is actually concentrated in a volume smaller than the geometrical one and related to the more intensely luminous volume of the plasma column. While on the whole the proposed model Ieads to reasonable results, it seems appropriate to comment further on the meaning of T~ which characterizes the Boltzmann distribution of vibro-rotationally excited molecules and plays in this model the role played by the gas temperature in purely thermal reactions.
The internal energy (vibrational + rotational) of a gas characterized by a sufficiently high vibro-rotational temperature T~ is ~ 2R ~ (caljmole). For sufficiently high Tv and TR one can therefore wnte
A comparison between the values ofT~ derived from the experiments and the spectroscopic values of Tv and TR of Ref. 11 shows that ~ is more than twice the value expected from (14). The observed discrepancy should be traced back to the approximation made in assigning a crude collision theory value to k~., independent of the energy Ievel ~ considered (equation (12)). JThe problern of the a priori calculation of rates of thermal dissociation of diatornie molecules is, however, much more complex, and reference should be made to the work of Pritchard et al. 5 (see also refs 6, 7). According to Pritchard's treatment the rate of dissociation is related to the translationalvibrational transition probability, an increasing function of v, as weil as to the probabilities of vibration-vibration transitions.
-----------------_ri-------------------!.r_--
In the light of Pritchard's work it appears that k;i in equation (12) 
and equation (13) is transformed into
If (17) instead of (13) 
THE CONVERSION OF METHANE INTO ACETYLENE
It has already been pointed out that this reaction proceeds at a much faster rate than the synthesis ofH CN under similar discharge conditions. According to the discussion presented above the slow step of the synthesis is N 2 dissociation, a comparatively slow process even under discharge conditions. Data derived mostly from shock-tube experiments indicate that unimolecular decomposition of CH 4 is regulated by the rates of either step (a) or (b) below:
The study of the conversion of CH 4 into C 2 H 2 under discharge conditions of moderate pressure does therefore provide the opportunity of applying the dissociation mechanism discussed above to either step (a) or (b), assumed to be rate determining for the conversion, and to check the fitness of this model for a rationalization ofthe kinetic data. Acetylene represents the main product ofthe reaction. Traces ofethane have been detected at high flowrates while polymer deposition is of the order of five per cent at 20 torr.
Values of the percentage of CH 4 converted into C 2 H 2 (ß) obtained with sampling probes positioned at three different axial distances have been plotted in Figure 22 as a function ofthe distance from the upper electrode for different flowrates and for three values of the power density. The discussion of these data will be based on the assumption that path (a) above is rate determining.
According to the mechanism proposed for molecular dissociation under discharge conditions step (a) should proceed via bimolecular thermal dissociation from vibro-rotationally excited Ievels ofCH 4 . The vibro-rotational temperature ~ is assumed to be the same for both CH 4 and H 2 • The rate of dissociation or H 2 in the discharge (mole cm-3 sec-1 ) is given by The energy balance (22) can then be split into two terms:
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The mass balance for the system consisting of the majority species H and (25) provide a system of two equations in the two unknowns iX and K which can therefore be determined from the experimental data. One has:
The ratio krn)kH 2 is unfortunately unknown because of our ignorance of the values of BH and of Brn . We shall therefore arbitrarily select the maximum value for thfs ratio which allows values 0 < rx < 1 to be obtained from the solution of system (28) for all the experimental points. This value is kcH)kH 2 = 0.2. Simple transformation of equations (28'), (28") gives
In derived from these plots have been included in Figure 26 (x) . The corresponding dependence of rx on I is illustrated in Figure 28 .
The black circles are values of rx calculated from the expression: (I -ä) (I + I.5 Rß))-l
In Figure 29 'I has been plottedas a function of P for different values of ä and for R = I and R = 50. This figure is instructive. It shows the increase of 'I with increasing ä and with increasing R but it also shows that an increase of p, at given ä and R, causes 'I to decrease, a rather unexpected result. The reason for this behaviour resides in the detrimental influence ofthe hydrogen which obviously increases when the conversion of methane into C 2 H 2 and H 2 increases. Values of 'I predicted by (30) are in full agreement with the experimental observations.
From plots of ß as a function of I/cPcH 4 at constant IX one can extrapolate at very large cPs and obtain the minimum ß compatible with the given ä. The maximum value of 'I to be expected for large R, large cP, ä = 0·85 and correspondingly high values of ( W)y is 0.45 ± 0.05. This value should be compared with the maximum yield obtained in the synthesis of HCN, namely 0.006. The maximum measured value of 'I is 0.30. The results presented above show that the energy balance equations (28'), (28") based on the proposed mechanism of molecular dissociation do in fact allow simple rationalization of the kinetic data. These results indicate that the 'clue' to the understanding of the kinetics of CH 4 decomposition in the discharge is represented by the relationship between K and cx brought out by the kinetic analysis ofthe data. The expression for K is K = exp(-104 ;1(10' )(1(-T,: RBI (T,) and the observed dependence on cx should therefore be attributed to an increase of ~ with cx, i.e. the vibro-rotational temperature of the molecular species in theu ground electronic state increases with increasing dissociation of the hydrogen. An increase ofT, means an increased population of high er vibro-rotationallevels. A change of Tl:. can be brought about essentially by two An increase of T~ can therefore be expected as molecular hydrogen is progressively converted into atomic hydrogen.
(ii) The value of ~· other things being equal, is also determined by the probability of collisional deactivation of the vibro-rotationally excited Ievels, an increasing function of the energy of these Ievels and of the gas temperature 5 . The nature of the deactivating particle is obviously important and a change from an essentially molecular to an essentially atomic gas is likely to Iead to an increase of the probability of deactivation, hence a decrease of T~. These are in our opinion the main factors that might contribute to the observed dependence of K on a.
The energy balance equation imposed on our system requires that K should vary with gas composition at constant < W)r The fact that this energy balance allows one to rationalize a large amount of kinetic data is certainly a point in its favour, but this implies that the system must adjust itself to the modified composition by a compensating increase of its vibro-rotational temperature T~. This is an argument which definitely deserves further investigation.
THE PRODUCTION OF HYDROGEN ATOMS
At this stage the obvious idea would be to verify the model on a 'simpler' reaction like the dissociation of H 2 by measuring the effectiveness of these discharges in producing hydrogen atoms under variable conditions of power, pressure, flowrate and gas purity. The main difficulty in this pressure range and at the power Ievels which can be utilized resides in the experimental determination of the concentration of the hydrogen atoms. This difficulty has, however, been circumvented by a method which, although not very accurate, allows reasonable estimates to be made.
The reactor of Figure 8 has been modified by subdividing the water jacket into a nurober of sectors in series, separated by 0 -rings, and by adding a metal heat exchanger at the lower end of the reactor. By measuring at the outlet of each sector the temperature of the water flowing at a constant and metered rate it is possible to derive the power transferred from the plasma to the cooling water in each sector of the system. The total power collected by the water is WT = fV/P/2 with f = 0.95 ± 0.03. V and JP are the d.c.
valtage and intensity respectively and the value of f indrcates good coupling between the circuit and the plasma. The results of these measurements are illustrated in Figure 30 . The lower curve in this figure was obtained at a flow rate ofthe hydrogen of0.08 s.t.p.litres/min. When the flowrate is progressively increased the W 020 /l curves are modified as shown in the figure, and Figure 31 shows the effect of changes of the power input to the plasma at a constant 372 flowrate. The meaning of the curves of Figures 30 and 31 is rather straightforward. lf WT is the total power collected by the water and WL the power collected by the water within the electrodes placed at a distance L or. more generally, within the actuallength ofthe applied r.f. field, one has: WT-WL = l>Jff where ~ is the molar inlet flowrate of H 2 (mole/sec) and Jff the enthalpy of the discharged gas referred to one mole of inlet gas and given by 2 [H] 
From this equation and equations (6), (7), (8) 
THE REDUCfiON OF METAL OXIDES IN HYDROGEN
The reduction of CuO, NiO, PbO and ZnO injected axially into a cylindrical reactor of the type shown in Figure 8 • exp. determined from the differential reading of two calibrated flowmeters after condensation of the water. The specific rate of reduction ks expressed in mole reduced per square centimetre of particle surface per second is related to ß by the equation
where B is the number of particles per mole of the oxide, {) the average residencetime oftheparticlewithin theflame and r P the radius ofthe supposedly spherical particle. Mass feed rates C/J P of the powder ranged from 0.2 to 30 gfmin. {)was ofthe order of 10-2 sec. While the reduction of ZnO and PbO Ieads to rapid evaporation of the low boiling metal, which then condenses on the reactor's wall, reduction of CuO and NiO is accompanied by the formation of an externa11ayer of liquid (Cu) or solid (Ni) metal which progressively grows toward the interior. Evaporation is limited in the latter cases.
As shown in previous sections, concentrations of hydrogen atoms in this type of discharge are weil above thermodynamic values corresponding to the gas temperature ~·In the absence ofthe powder these concentrations can be calculated according to equation (8) . In the presence of powder the first order term k' [H] in this equation should be modified to account for the heterogeneaus loss of atoms due to recombination and reaction at the particle's surface. An additional first order term must therefore be added, namely • • • calc. with c the mean square velocity ofthe H atoms at T~, y' the fraction of colliding atoms which is removed by recombination and reouction, and n the number ofparticles present per cm 3 ofplasma. Calculation shows that foi small values of tP , hence of nP, term (34) can actually be neglected in equation (8 Figures 33 and 34 show the calculated values of y, and include the gas temperatures ~ derived from the heat balance as previously discussed. When nP is increased the contribution of term (34) becomes appreciable and the concentration of the hydrogen atoms therefore drops, with a corresponding decrease of ks. Good correlation can be obtained between the observed decrease of ß with increasing n and the corresponding decrease of [H] calculated as specified above wfth y' = y.
The above results strongly suggest that the reaction responsible for reduction is MeO + 2H = Me + H 2 0 with a negligible contribution from the reaction with molecular hydrogen. 376
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The data reported in Figures 33 and 34 indicate that the heterogeneous step in the reduction of these oxides by hydrogen atoms, at the particle temperatures of the experiments (I;, > T"_), is a comparatively fast process (y = 10-2 , 10-1 ) essentially not activatea in the case of CuO and NiO (}' independent of T) and with an activation energy of the order of 3-6 kcalj mole for PbO an~ ZnO (y is temperature dcpendent in these cases).
Log. rate -2
... Alumina is not appreciably reduced in these plasrnas because the reaction of Al 2 0 3 with hydrogen atoms is still too slow at the particle ternperature attainable in these systems. An appreciably higher activation energy is apparently present in this case. In Figure 35 energy yields of the process in molejjoule are shown as a function ofthe molar feed rate ofthe oxide (mole/ sec) for NiO and ZnO.
Experimental yields increase at first with increasing «PP, go through a maximurn and then decrease.
E. MOLINARI
This behaviour can be attributed to the observed change of the radial distribution of the powder within the plasma, which is rather uniform at small cp P but progressively concentrates into a narrow central channel with increasing ci> • Energy yields calculated on the assumption of a uniform radial distribution '6f the powder are given by the curves of Figure 35. -5 . 5 . . ---------------------------. --. --- Energy yields in the electrolytic processes for the preparation of zinc are between 250 and 300 gjkWh. 
CONCLUSIONS
The use of r.f. gas discharges as chemical reactors in the pressure range 5-50 torr has brought out features which are characteristic oftbis intermediate range 0f pressures and make these discharges essentially different from both 'cold' and 'thermal' plasmas. The presence of a marked vibro-rotational disequilibrium appears to be responsible for the chemical 'activity' of these discharges and kinetic considerations based on this idea apparently allow a satisfactory rationalization of both homogeneaus and heterogeneaus processes. Interesting energy yields can be obtained in some of the processes examined. One point should be emphasized in this connection: in all systems 378 HOMOGENEOUS AND HETEROGENEOUS REACTIONS IN PLASMAS considered in this report the loss of hydrogen atoms by heterogeneaus recombination at the reactor's wall or by homogeneaus recombinations influences the observed energy yields.
In the synthesis of hydrogen cyanide yields are particularly low (less than one per cent of thermodynamic value) because the slow step of this reaction is nitrogen dissociation, a much slower process than the dissociation of hydrogen even under discharge conditions. The consequence is that most of the energy transferred by the r.f. field to the plasma is lost to the walls.
In the conversion of methane into acetylene competition for the field energy between hydrogen and methane is closer but hydrogen remains favoured, as clearly indicated by the results reported in Figure 29 . In this case limiting yields at high flowrates can be predicted which attain 45 ± 5 per cent of a thermodynamic value of 250 g of acetylene per kWh. The limiting yields calculated for the reduction of metal oxides and reported in Figure  35 correspond to 1/104 x 10 3 molejcalorie where 104 x 10 3 is the dissociation energy of molecular hydrogen. The meaning of this result isthat for sufficiently high concentrations of the powders within the plasma all hydrogen atoms generated by the discharge are utilized for the heterogeneaus process of reduction and arenot therefore lost to the walls or in homogeneaus recom binations.
Considerations such as those presented above can provide useful guide1ines for the evaluation of possible applications of these plasmas.
